In search of factors influencing the outcome of an ischemic insult, we induced 10 min of forebrain ischemia in rats and assessed neuronal necrosis by quan titative histopathology after I week of recovery, Proce dures for inducing ischemia included bilateral carotid ar tery clamping and reduction of blood pressure to 40-50 mm Hg by bleeding, To facilitate rapid lowering of blood pressure, a ganglionic blocker, trimethaphan (TMP), was administered at the onset of ischemia, Omission of the ganglionic blocker proved to markedly ameliorate neu-Although the problem is of considerable theoret ical and practical importance, controversy still re volves around the question of the true revival times of neurons in the brain, i,e" the longest period of anoxia-ischemia that can be sustained without causing neuronal damage, In the clinical setting de finitive brain damage is usually incurred if cardiac arrest lasts longer than 4-5 min (Cole and Corday, 1956; Hirsch and Schneider, 1968 ), However, clin ical revival times may be that short because post ischemic conditions do not favor prompt resump tion of an adequate recirculation, Experimentally these problems can be circum vented and long-term recovery can be instituted, allowing assessment of the final behavioral-neuro logical deficit and/or histological damage, In spite of this, reported revival times are surprisingly vari able (see Hirsch and Schneider, 1968; Siesjo, 1978; Hossmann, 1985) . On the one hand, some experi ments have revealed moderate but unequivocal -221 85 Lund. Sweden.
Summary: In search of factors influencing the outcome of an ischemic insult, we induced 10 min of forebrain ischemia in rats and assessed neuronal necrosis by quan titative histopathology after I week of recovery, Proce dures for inducing ischemia included bilateral carotid ar tery clamping and reduction of blood pressure to 40-50 mm Hg by bleeding, To facilitate rapid lowering of blood pressure, a ganglionic blocker, trimethaphan (TMP), was administered at the onset of ischemia, Omission of the ganglionic blocker proved to markedly ameliorate neu-Although the problem is of considerable theoret ical and practical importance, controversy still re volves around the question of the true revival times of neurons in the brain, i,e" the longest period of anoxia-ischemia that can be sustained without causing neuronal damage, In the clinical setting de finitive brain damage is usually incurred if cardiac arrest lasts longer than 4-5 min (Cole and Corday, 1956; Hirsch and Schneider, 1968) , However, clin ical revival times may be that short because post ischemic conditions do not favor prompt resump tion of an adequate recirculation, Experimentally these problems can be circum vented and long-term recovery can be instituted, allowing assessment of the final behavioral-neuro logical deficit and/or histological damage, In spite of this, reported revival times are surprisingly vari able (see Hirsch and Schneider, 1968; Siesjo, 1978; Hossmann, 1985) . On the one hand, some experi ments have revealed moderate but unequivocal ronal damage, Similarly favorable effects were obtained when a mixture of adrenaline and noradrenaline (I fLg kg -[ min -[ each) was infused during the early recircula tion period in animals previously given TMP Infusion of noradrenaline alone also ameliorated the damage, though the efficacy was somewhat less, The results suggest that catecholamines, released as a response to stress, ame liorate ischemic brain damage, Key Words: Circulating catecholamines-Ischemic neuronal necrosis-Revival times, neuronal necrosis, localized to selective vulnerable areas, following 4-6 min of ischemia (Ito et al., 1975; Kirino, 1982; Kirino and Sano, 1984; Smith et al., 1984a; Bl omqvist and Wieloch, 1985) . On the other, data from other experiments demonstrate little or very moderate damage with ischemic pe riods of 10-30 min (Miller and Myers, 1970; Ne moto et al., 1977; Diemer and Siemkowicz, 1980; Pulsinelli et al., 1982a) . In fact, some complex functions of the brain may be resumed even after 60 min of ischemia (Hossmann and Kleihues, 1973; Hossmann and Zimmermann, 1974; Kleihues et al., 1975; Hossmann, 1985) . These differences in re sults are not due to differences between species. For example, Smith et al. (l984a) observed un equivocal neuronal necrosis after 4 and 6 min of ischemia, while Pulsinelli et al. (l982a) , also working in rats, reported that �40% of their an imals with 10 min of ischemia lacked damage; in fact, little damage seemed to be incurred by some animals after 20 min of ischemia.
Such discrepancies can be due to intrinsic or ex trinsic factors. Intrinsic factors include the density of the residual blood flow during ischemia and the adequacy of recirculation. None of these seem to be determinants of the variability discussed. For example, different ischemic models may yield brain damage of quite variable density and yet be asso-ciated with a similar decreasc in cerebral blood flow during ischemia and a similar increase during recirculation (Pulsinelli et at., 1982h; Smith et at., 1984h) .
Extrinsic factors are those occurring as a rc sponse of extracerebral tissues to the ischemic in sult. One such factor, of potentially large impor tance, is the blood glucose concentration [for re views see Myers (1979 ), Siesj6 (1981 , and Plum (1983) ]. There are no data to show, though, that blood-borne factors other than glucose can influ ence the resistance of brain cells to ischemia. We have now obtained evidence that circulating cate cholamines markedly attenuate the brain damage that otherwise results from ischemia and that the effect is not mediated via changes in blood glucose concentration. The primary observation was that the dosage of trimethaphan (TMP), a ganglionic blocker [see Volle and Koelle, (1975) ], used to facil itate induction of hypotension during ischemia, seemed to influence the outcome. Since TMP cur tails the rise in plasma concentration of adrenaline and noradrenaline during and following ischemia (Smith et aI., 1984h) , we suspected that circulating catecholamines modulated the damage. Accord ingly, experiments were carried out to test this hy pothesis.
MATERIALS AND METHODS
Male Wi star rats weighing 310-340 g (Mpllegaard Breeding Center, Copenhagen, Denmark) were used for the experiments. The animals were given commercial food pellets and tap water.
Experimental groups
All animals were subjected to bilateral carotid artery occlusion and to a reduction of mean arterial blood pres sure to produce 10 min of forebrain ischemia (Table I ). In one group blood pressure was reduced by bleeding only (A). In two others it was supplemented by intravenous injection of TMP in a dose of either I (B I ) or 3 (B2) mg kg-I. In two groups of animals, previously given 3 mg kg-I of TMP, a mixture of adrenaline and noradrenaline (C I ) or noradrenaline alone (C2) was infused for 60 min, starting 1 min prior to recirculation. 
Operative procedures
In all animals food was withdrawn at 5 p.m. on the day preceding the induction of ischemia, but water was given ad libitum. On the day of the operation, anesthesia was induced with 3.0% halothane in a gas mixture with 30% O2 in N20. The trachea was intubated with a polyeth ylene tube (Intramedic PE 240; Clay Adams, Parsippany, NJ, U.S.A.) with the help of transillumination of the neck by a high-intensity fiberoptic lamp. The jugular veins were exposed through a middle neck incision. Muscle re laxation was achieved with suxamethonium (Celocurin, 5 mg kg-I i. v.; Vitrum AB, Stockholm, Sweden). Anes thesia was maintained with 0.7% halothane and 30% O2 in N20. A silicon catheter (Dow-Corning Silastic; inner di ameter 0.03 mm, outer diameter 0.065 mm) was inserted in the exposed right internal jugular vein for withdrawal of blood during the hypotension period (see following text). Both common carotid arteries were exposed, and the tail artery was cannulated (Portex PE-50; Hythe, Kent, U. K.) to allow continuous blood pressure re cording and intermittent sampling of arterial blood. Needle electrodes were placed bilaterally through small skin incisions into the temporalis muscle to monitor the interhemispheric EEG during the ischemic period. The EEG amplitude was quantified with a cerebral function monitor (Devices Ltd., Hertfordshire, U.K.) on a semi logarithmic scale and a slow time base, frequencies out side the 2-to 16-Hz range being filtered out. Following these procedures halothane was discontinued and the rats were allowed a 30-min period to reach steady state. Me chanical ventilation with 30% O2 in N20 was continued throughout this period. Heparin (150 IU kg-I i.v.) was administered. The initial blood gases and pH were sam pled 15 min following completion of the operative proce dure and periodically thereafter. Samples were analyzed on a Combi-Analyzer (Eschweiler AG, Kiel, EG.R.) for Pe02 and P02 and with a Radiometer (Copenhagen, Den mark) pH electrode and meter for pH. Plasma glucose concentration was determined using a commercial glu cose analyzer (Beckman).
Induction of cerebral ischemia
Ischemia was induced with the forebrain model pre viously described from this laboratory (Smith et aI., 1984b) . Briefly hypotension was induced by bleeding ei ther without or with prior administration of TMP (see Ex perimental groups). When the mean arterial blood pres sure reached 80 mm Hg, both common carotid arteries were clamped and the blood pressure was maintained be tween 40 and 50 mm Hg. The heparinized blood was stored in a plastic syringe at 37°C. Cessation of EEG ac tivity was used as an indication of the onset of ischemia. EEG was monitored intermittently during and following ischemia. At the end of the ischemia, the shed blood was reinfused, the vascular clamps were removed, and 0.7 ml of an NaHC03 solution (50 mg/m!) was administered in travenously. The duration of ischemia was 10 min. The N20 supply was discontinued 15 min following ischemia. At about the same time, the animals could be extubated.
Histopathology
The animals were reanesthetized with halothane and tracheostomized I week following ischemia. While being mechanically ventilated with 0.6% halothane in a 30% O2-70% N20 mixture, the animals were perfusion fixed via the ascending aorta with 4% formaldehyde bufTered to pH 7.35, following a 30-s rinse with 0.9% NaCI. Both so lutions were prewarmed to 37"C. The brains were re moved and stored in cold fixative. The preparation and the celestine blue-acid fuchsin stain of the brain for his topathological study have been described in detail else where (Auer et aI., 1984h) . A double staining was utilized to demonstrate irreversibly damaged neurons in 8-f.Lm sections. Necrotic cells appear bright red on examination under the light microscope (Auer et al., 1984a, h; Smith et aI., 1984a) and were readily distinguished from surviving neurons.
Quantification of neuronal necrosis
The extent of neuronal necrosis in areas of selective vulnerability (Pulsinelli and Brierley, 1979; Pulsinelli et aI., 1982a; Kirino and Sano, 1984; Smith et aI., 1984a) was evaluated as the number of necrotic, acidophilic cells. Counting of such neurons was performed in the su biculum, CAl' CA3, and CA4 sectors of the hippocampus, parietal cortex (PCx), caudate nucleus (CN), lateral retic ular nucleus of the thalamus (LRTh). and dorsolateral septum (Sep) (Auer et aI., 1984h) . The sections were ex amined in a blind fashion. A percentage damage score was calculated for the hippocampus. Damage in PCx, CN, LRTh, and Sep was classified as a crude damage index as follows: 0, no damage; I, <25% damage; 2, 25-50% damage; 3, 50-75% damage; 4, >75% damage.
Statistical analysis
Results were analyzed using analysis of variance. A post-hoc test was performed between the experimental groups using Newman-Kuel's test for multiple compar isons and the Wilcoxon rank-sum test; p values of <0.05 were considered significant differences.
RESULTS
All animals survived for I week, i.e., until they were reanesthetized to allow perfusion fixation of the brain and subsequent histopathological anal ysis. None of the animals had gross neurological signs of brain injury; hence, conclusions regarding drug effects are based on histopathological data.
Physiological variables and EEG
As Ta ble 2 shows the physiological variables were similar in all experimental groups except that postischemic blood pressure was significantly higher in animals injected with adrenaline plus nor adrenaline (C I ) or with noradrenaline alone (C2). Thus, neither body temperature, nor blood gases and pH, nor glucose concentrations differed be tween the groups.
EEG characteristics are summarized in Ta ble 3. The preischemic and postischemic EEG back grounds (cerebral function monitor) as well as la tency to isoelectricity were the same in all groups. The latter result supports the assumption that the rate of onset of ischemia did not differ between groups bled to 50 mm Hg with or without TMP. It is also of interest that the latency of the first EEG spike was similar in all groups, suggesting that the impact of the ischemia was similar.
Effects of TMP on neuronal necrosis
Figure I shows representative photomicrographs from the hippocampus, which give the essential re sults of this study. The three parts are of three an imals that were all subjected to 10 min of ischemia induced by bilateral carotid artery occlusion com bined with hypotension. Figure 1 B is a photomicro graph of the CAl pyramidal cell layer in a "stan dard" animal, i.e., one in which hypotension by bleeding was supplemented by TMP (3 mg kg-I). Necrotic neuronal bodies were condensed with hy perchromatic cyto-and karyoplasm (arrows). In Figure IA the TMP was omitted and ischemia in duced by bleeding alone. In Figure IC TMP was again given but now a mixture of adrenaline and noradrenaline (1 f,Lg kg-I min -I each) was infused for the first 60 min of recirculation. Note the scar city of neuronal necrosis in Fig. 1 A and C.
To estimate the dose dependency of TMP on neu ronal necrosis, animals were bled to 50 mm Hg ei ther without or with the drug (I or 3 mg kg -I). Figure 2 shows the quantitative analysis of the den sity of neuronal necrosis in the hippocampus (1) and Preischemic plasma glucose (f,lmol ml-I)
6.0 ± 0.1 6.3 ± 0.3 6.3 ± 0.4 5.8 ± 0.4 6.1 ± 0.4
Postischemic plasma glucose (f,lmol ml-I)
10.5 ± 0.3 11.2 ± 0.4 10.8 ± 0.7 10.9 ± 0.7 11.5 ± 0.6
Values are means ± SEM; n = no. of animals. Statistical comparison was made using Newman-Keul's test. See Table 1 for descrip tion of experimental groups.
ap<O.OI. other brain regions (II). In the upper part of the figure (1) , the bars represent the number of acido philic neurons as a percentage of the neuronal pop ulation (± SEM). In the lower part (II) a crude damage index is given, each animal being repre sented by one dot. As can be seen increasing the J Cereb Blood FloII' Me/ab, Vol. 6, No.5, 1986 dosage of the drug worsened the damage in a dose related manner in the subiculum, CAl sector of the hippocampus, PCx, and CN. No clear dose-re sponse relationships were manifested in other brain regions such as the CA3 and CA4 sectors of the hip pocampus, LRTh, and Sep.
FIG. 1. Representative photomicrographs of CA l pyramidal cell layer in the dorsal hippocampus. Ten minutes of cere bral ischemia was induced in rats by bilateral common ca rotid artery occlusion combined with hypotension. Hypoten sion was instituted either by exsanguination (A) or trimetha phan (3 mg kg-l i.v.) plus exsanguination (8 and C). Group B is denoted as 82 in the text. In group C a mixture of adrena line plus noradrenaline (1 fLg kg-1 i.v. each) was infused (group C1 in the text). Necrotic neuronal bodies were con densed with hyperchromatic cyto-and karyoplasma (arrows). Acid fuchsin-celestine blue staining. Bars = 100 fLm. Figure 3 gives data for all animals from the groups exemplified in Fig. I and illustrates the ef fect of infusion of adrenaline plus noradrenaline (I ILg kg-I min -I during 60 min). Group A is one bled without TMP, whereas in groups B and C bleeding was assisted by TMP (3 mg kg -I). In group C the catecholamines were infused. It can be seen that this infusion ameliorated neuronal necrosis by an amount similar to that produced by omission of TMP. Again the density of neuronal necrosis in the CA3 and CA4 sectors of the hippocampus, in the LRTh, and in the Sep remained unchanged be tween the groups. Figure 4 , finally, demonstrates the effects of nor adrenaline alone in ameliorating neuronal necrosis. The comparison is made between two groups of an imals given 3 mg kg-I of TMP at the beginning of exsanguination, one of which was infused with nor- plus noradrenaline. No significant effects were ob served in other brain areas examined (data not shown).
DISCUSSION
The present results pertain to conditions modu lating the final brain damage following transient ischemia of a given density and duration. In ex ploring such conditions we unexpectedly foun ?
. that a minor change in the experimental conditIOns (omission of the ganglionic blocker used to hasten the reduction in blood pressure) caused a major change in the density of the neuronal necrosis. Three findings made us suspect that the effect ob served involved depression of catecholamines re leased by the ganglionic blocking drug. First, TMP has previously been shown to curtail the rise . in plasma catecholamine levels during and folloWIng ischemia (Smith et aI., 1984b) . Second, a recent study showed that lesioning of the locus cerule �s system increased ischemic neuronal ne�rosl . s (Blomqvist et aI., 1985) , suggesting that this sei zure-depressant, inhibitory noradrenaline system (Amaral and Sinnamon, 1977; Libet et aI., 1977) protects cells from ischemic damage. Third, treat ment of animals with ex-methyl-p-tyrosine, an agent that depletes catecholamines both in the brain and in peripheral tissues (Spector et aI., 1965) , was found to aggravate ischemic brain damage (T. Koide, unpublished results).
It was thus tempting to assume that systemic cat echolamines normally protect against brain damage, acting in the free interval between the transient ischemia and the appearance of neuronal necrosis. Accordingly we decided (a) to reduce the dose of TMP or to omit the drug altogether, and (b) to infuse catecholamines in animals previously given the highest dose of the ganglionic blocker. The results corroborated the assumptions. Thus, the density of the neuronal necrosis varied directly with the dose of TMP administered. Furthermore, even when the highest drug dose was given, the le sions were ameliorated by an infusion of adrenaline plus noradrenaline or of noradrenaline alone.
In interpreting the results it is important to note that physiological variables were similar in all groups except that postischemic blood pr �ss�re was significantly higher in the catecholamIne-In fused group. An improvement of immediate recir culation cannot explain our results, though. Thus, even in the absence of artificial rises in pressure, postischemic CB F is high (Kagstrom et aI., 1?83; Smith et aI., 1984h) . Furthermore, equal ameliora tion of brain damage was obtained by omission of TMP alone.
The survival times of the EEG during ischemia were similar, as were the latencies to the first spikes during recirculation, indicating that the . is�h emic insults had similar rates of onset and Similar density. Furthermore, neither the TMP dose nor the infusion of catecholamines influenced blood glucose concentrations, which were similar be tween groups pre-and postischemically.
In view of these results, we tentatively conclude that TMP aggravates brain damage by curtailing the stress-induced rise in plasma catecholamine levels. It follows from this conclusion that circulating cate cholamines must lessen brain damage either by penetrating the blood-brain barrier or . by modu lating the activity of afferents to the braIn (Elam et aI., 1984) .
It has been widely held that systemically released catecholamines poorly penetrate the physical and enzymatic barriers between blood and brain (Bertler et aI., 1966; Rapaport, 1976) . However, fol lowing transient ischemia passage of small m . ole cules from blood to brain at relatively early penods of recirculation has been reported (Suzuki et aI., 1983) . If circulating catecholamines can be taken up into the brain in these periods, then the neuronal necrosis in brain areas with high density of adren ergic receptors (Palacios and Wamsley, 1984 ) could be ameliorated. The lack of amelioration of neu ronal necrosis in the CA4 region of the hippo campus, LRTh, and Sep could be due to differ ences in adrenergic receptor characteristics.
A perusal of the literature suggests that varia tions in circulating catecholamine levels in the im mediate recirculation period can explain at least some of the discrepancies reported in revival times. Thus in those studies in which little damage was obse;ved after relatively long periods of ischemia, the authors either infused adrenaline or noradrena line to raise postischemic blood pressure or did not use drugs that blunt the sympathoadrenal response to ischemia (e.g., Miller and Myers, 1970; Hoss mann and Zimmermann, 1974; Nemoto et aI., 1977; Pulsinelli et aI., 1982a ; see also Hossmann, 1985) .
We conclude, therefore, that circulating cate cholamines, although jeopardizing survival by re ducing circulation in extracerebral tissu�s, pro�ect the brain against ischemic damage in the Immediate recirculation period. This conclusion is of necessity tentative and at present somewhat speculative. However: the results may have important clinical implications, since they show that manipulations of the adrenergic receptor response in the brain can modulate the ischemic brain damage.
